[1] A series of triaxial compression tests were conducted in order to investigate the mechanical behavior of gas-saturated methane hydrate-bearing sediments, and a comparison was made between gas-saturated and water-saturated specimens. Measurements on gas-saturated specimens indicate that (1) the larger the methane hydrate saturation, the larger the failure strength and the more apparent the shear dilation behavior; (2) failure strength and stiffness increase with increasing effective confining stress and pore pressure applied during compression, though the specimen becomes less dilative under higher effective confining stress; (3) lower temperatures lead to an increase of the stiffness and failure strength; (4) stiffness of specimens formed under lower pore pressure is higher than that of specimens formed under higher pore pressure but at the same effective stress; (5) stiffness and failure strength of gas-saturated specimens are higher than those of watersaturated specimens; (6) gas-saturated specimens show more apparent strain-softening behavior and larger volumetric strain than that of water-saturated specimens.
Introduction
[2] Methane hydrate, a crystalline material made up of a water cage surrounding a methane molecule [Sloan, 1998 [Sloan, , 2003 , forms naturally in regions of permafrost and continental margin sediment where there are appropriate pressure/ temperature conditions and sufficient methane gas [Dawe and Thomas, 2007; Milkov, 2004] . A conservative estimate for the global gas hydrate inventory is~1.8 × 10 3 Gt carbon, corresponding to CH 4 volume of~3.0 × 10 15 m 3 if the CH 4 density is taken as 0.717 kg/m 3 . Such large amounts of carbon have prompted methane hydrate to be considered a potential energy resource, a geohazard, and a climate change agent [Boswell, 2009; Brown et al., 2006; Dawe and Thomas, 2007; Glasby, 2003] . During the production of methane from hydrates, hydrate dissociation may induce a variety of geological disasters, such as subsea landslides, casing deformation, and production platform collapse [Ning et al., 2012; Rutqvist et al., 2009] . Thus, it is important to study the mechanical properties of methane hydrate-bearing sediments for safe extraction of methane from hydrate reservoirs.
[3] A series of experimental studies on the mechanical properties of hydrate-bearing sediments have been conducted. Yun et al. [2007] studied the mechanical properties of sand, silt, and clay containing tetrahydrofuran (THF) hydrate. However, as THF hydrate forms without a gas phase and has a different structure than methane hydrate , the applicability of results from THF hydrate experiments to natural hydrate deposits still needs to be discussed [Lee et al., 2007] . Hyodo et al. [2005 Hyodo et al. [ , 2011 Hyodo et al. [ , 2013 ] performed a series of triaxial compression tests on Toyoura sand containing methane hydrate under similar conditions to those found in situ and obtained relationships among shear strength, temperature, pore pressure, and hydrate saturation. They also conducted plane strain shear tests to study the localized deformation of methane hydrate-bearing sand . Masui et al. [2005 Masui et al. [ , 2008 studied the mechanical characteristics of both natural and artificial gas hydrate-bearing sediments. Constitutive models describing the stress-strain behavior for methane hydrate-bearing sediments were established [Uchida et al., 2012; Yoneda et al., 2008] . These studies all utilized water-saturated specimens.
[4] The mechanical properties of gas-saturated sediments containing methane hydrate are also of importance. Specimens with excess methane gas are analogs for natural gas-rich systems such as those that may occur when gas recycles into an upward-migrating base of hydrate stability [Waite et al., 2004 [Waite et al., , 2008 , as inferred by some for the Cascadia margin [Yuan et al., 1999] and Blake Ridge [Guerin et al., 1999] . Gas hydrates may also have formed from free gas in permafrost regions as cooler temperatures propagated into the sediment, and existing free gas was consumed to form hydrate .
[5] Waite et al. [2004] formed methane hydrate in partially water-saturated Ottawa sand samples containing an interconnected methane gas phase. The results suggested that methane hydrate cements unconsolidated sediment when forming in systems containing an abundant gas phase. Also, the physical and mechanical properties are different than when methane hydrate forms in a water-rich system without an abundant free-gas phase. Priest et al. [2009] studied the influence of gas hydrate morphology on the seismic velocities of sands and provided a nice example of how velocities are significantly higher in hydrate-bearing sands formed with excess gas than with excess water. Ebinuma et al. [2005] studied the influence of pore fluid on the mechanical properties of hydrate-bearing sediments and indicated that the strength of gas-saturated hydrate specimens is stronger than that of water-saturated hydrate specimens. Li et al. [2011 Li et al. [ , 2012a Li et al. [ , 2012b Li et al. [ , 2012c Li et al. [ , 2013 primarily studied the effect of temperature, confining pressure, strain rate, and porosity on the mechanical properties of synthetic methane hydrate and clayey sediment containing methane hydrate under subzero conditions. The specimens were gas saturated but contained ice powders. The mechanical behavior of gassaturated methane hydrate-bearing sediments is not well understood, and further investigations should be carried out.
[6] In this paper, a series of tests were conducted in order to investigate the mechanical behavior of gas-saturated methane hydrate-bearing sediments which formed in partially water-saturated Toyoura sand under various conditions. An innovative temperature-controlled high-pressure triaxial apparatus which can reproduce the in situ conditions of a hydrate reservoir was used.
Experiment

Experimental Apparatus
[7] A temperature-controlled high-pressure triaxial testing apparatus was developed to simulate the in situ conditions of methane hydrate reservoirs in the deep seabed. The schematic diagram of the apparatus is shown in Figure 1 . A detailed description of this apparatus can be found in our earlier studies [Hyodo et al., 2013] .
[8] The apparatus can simulate in situ pressure (P), temperature (T), and stress conditions in a cylindrical sample, which is typically 30 mm in diameter by 60 mm in height. A sample covered with butyl rubber membrane is settled on the pedestal and then triaxial compression tests can be conducted in a temperature range from À35°C to 50°C with axial load capacity of 200 kN, cell pressure capacity of 30 MPa, and pore pressure capacity of 20 MPa. A cell pressure generation device is used to maintain the confining pressure surrounding the sample. Two syringe pumps are used to control the pore pressure in the sample. A thermal control tank is used to adjust the temperature of the sample with an accuracy of ±0.1°C by circulating the cell fluid in the triaxial testing device. A thermocouple placed near the side of the sample is used to measure the sample temperature.
[9] For water-saturated samples, methane hydrate saturation is calculated from the dissociated methane gas volume which is measured with a gas flowmeter. The residual methane gas will be drained out by pushing water through the specimen. The volume change of the specimens during the shear process is measured by the drained pore water, which is collected by the two syringe pumps.
[10] For gas-saturated samples, methane hydrate saturation is calculated from the initial water content of the samples. The volume change of gas-saturated samples cannot be measured by the drained pore water in the usual way, so a doublecell design is adopted. The volume change of gas-saturated specimens equals the volume change of the inner cell minus the volume of drained fluid from the inner cell, which can be obtained by measuring the volume difference of the syringe pump for the inner cell and the displacement of the piston.
Experimental Procedure and Test Conditions
[11] Based on the observation of the undisturbed core samples obtained from Nankai Trough [Masui et al., 2008; Suzuki et al., 2009] , Toyoura sand was chosen as the host material for this study. The grain size distributions of the natural cores and Toyoura sand are shown in Figure 2 . The relative density Dr ¼ e max -e e max -e min of each host sample was approximately 90%, indicating that the sand particles in the host sample were well compacted. The porosity of each host sample was about 39%-41%.
[12] Methane hydrate-bearing sediments formed from partially water-saturated Toyoura sands were prepared by the following procedure: first, moist sand with a determined initial water content was put into a specimen mold (30 mm in diameter and 60 mm in height) in 15 layers and each layer was compacted with a tamper 40 times. Extra water (0.14 g) was used to consider the water evaporation for each specimen. Then, the mold filled with moist sand was placed in a freezer (about À20°C) to make the sample stand by itself. Next, the frozen specimen was taken out from the mold and placed on the pedestal, and the butyl rubber membrane was put into place.
[13] Methane gas was injected into the sample and gradually increased to the desired pore pressure for hydrate formation (F.P.) (see Table 1 ) while the cell pressure was continuously kept 0.2M Pa higher than pore pressure. Then, the temperature was turned to 1°C while keeping the pore gas pressure constant. These conditions were kept constant for 24 h to generate methane hydrate. We considered that the water was fully converted to hydrate when there was no obvious volume change in the upper and lower syringe pumps connected to the top and bottom of the specimen. The methane hydrate saturation was calculated from the initial water content. According to the study of Circone et al. [2005] , a ratio of~6.0 H 2 O per mole of CH 4 was used to calculate the saturation. A volume increase of~15% occurred when the ice converted to hydrate, but the expanded volume would fill into the empty pores during hydrate formation with little volume change of samples. In this study, the volume change of samples during the formation of hydrate was ignored. After hydrate formation was completed, the desired pore pressure was applied by injecting methane gas through the two syringe pumps. Cell pressure and temperature were adjusted to the desired condition (Table 1) . Next, isotropic consolidation was carried out until the specified stress was reached and then shear tests were conducted. The axial strain rate was 0.1%/min.
[14] All hydrate-bearing specimens were prepared as described above. To obtain a water-saturated hydrate-bearing specimen, the specimen was water flooded after the hydrate formation step: Pure water from the lower syringe pump was injected through the specimen base to replace the gaseous methane remaining in the pores of the specimen, pedestal, and pipework. During this water substitution process, cell pressure, pore pressure, and temperature were kept constant. The Toyoura sand and hydrate-free specimens used in this work were all water-saturated.
[15] In this work, the effective confining stress is the difference between the pore pressure and cell pressure. The deviator stress is defined as the stress after subtracting the effective confining stress from the axial stress. The axial strain is calculated by dividing the axial displacement by the height of the specimen after consolidation but prior to shear. The volumetric strain is given by the volume change divided by the volume of the specimen after consolidation but prior to shear. A positive strain value denotes compression. Strain hardening is defined as the region in which a material is deformed in order to increase its resistance to further deformation. Strain softening is defined as the region in which the stress in the material is actually decreasing with an increase in strain. The stiffness is a measure of the resistance offered a The σ c ′ is effective confining stress; P.P. is the pore pressure applied during compression; F.P. is the pore pressure applied during hydrate formation; S mh is methane hydrate saturation; n is porosity; q max is the maximum deviator stress (failure strength). by the material to deformation and can be represented by the slope of its stress-strain curve.
Results and Discussion
Effect of Methane Hydrate Saturation
[16] Figures 3 and 4 , respectively, show the deviator stress and volumetric strain dependence on axial strain for gas-saturated methane hydrate-bearing specimens having pore pressures of 10 MPa (Figure 3 ) or 5 MPa (Figure 4) .
[17] In the case of water-saturated sand specimens (S mh = 0%), the deviator stress increased gradually with increasing axial strain and finally reached a constant value with a reasonably asymptotic behavior until axial strain reached 15%. A significant strain-hardening behavior and shear contraction were shown during the shear tests.
[18] Sand particles are displaced and can be crushed during the shear tests. Specimen contraction can occur as existing pore space fills with the fine particles or the crushed sand particles. When the specimen is sheared beyond a certain void ratio, however, some part of the sand particles has to roll across the others, resulting in specimen dilation. As is observed in Figures 3 and 4 , the volumetric strain initially showed a positive compression and then remained almost constant during the latter half of the test. This suggests the pore-filling contractive effect and the rolling effect offset each other or the critical state of the specimen was reached at the end of the shear test. The critical state concept states that soils and other granular materials, if continuously sheared until they flow as a frictional fluid, will come into a well-defined critical state. In the absence of hydrate, Yun et al. [2007] considered that shear would cause particle rotation, slippage, and rearrangement. The rotation frustration in densely packed sediments (which we used in this work) is overcome by either dilation (low confinement) or slippage (high confinement). The mechanism by which the sample deforms at a micromechanical level is governed by the energy minimization principle.
[19] In the case of methane hydrate-bearing specimens, a strain-softening behavior and shear dilation were observed during the shear tests. The deviator stress increased until it reached a peak value at axial strain of 1%-3% and then the deviator stress gradually decreased. The volumetric strain shows shear contraction at the beginning of the shear test, and significant dilative behavior was observed at the end of the shear tests.
[20] Methane hydrates occupy the pore space of the specimen, and there is not sufficient pore space that can be filled in during the compression. Sand particles have to roll across each other, which leads to dilation of the specimens as shown in Figures 3 and 4 . When the sand particles pass by each other, the specimen becomes loose, causing a decline of strength. Also, the cementation is gradually destroyed with increasing axial strain/deformation, which causes a decline of strength. Both processes cause strain-softening behavior. Yun et al. [2007] suggested that hydrate-occupied porosity governs deformation and strength response, and hydrate crystals may shear, may detach from the mineral surface, or may interfere with rotation. The impact of these mechanisms on dilation and strength depends on the strength, bonding strength, and concentration of hydrate. The presence of hydrate would enhance dilation.
[21] Miyazaki et al.
[2011] studied the mechanical properties of water-saturated methane hydrate-bearing sediments using Toyoura sand as a host material. The specimens also showed strain-softening behavior starting around an axial strain of~3%, and the failure strength increased with increasing methane hydrate saturation. However, the observations on the water-saturated methane hydrate-bearing sediments by Hyodo et al. [2013] differ from those of Miyazaki et al. [2011] , which showed strain softening starting at a much later strain. Hyodo et al. [2013] observed a strain-hardening behavior before the axial strain reached 15%, and the declination of strength did not occur until the axial strain exceeded 20%.
[22] These differences may be caused by the formation conditions of methane hydrate-bearing sediments. Miyazaki et al. [2011] formed methane hydrate under the desired initial shear-testing conditions, meaning that the particles will be rearranged to be more dense due to the high effective stress prior to the formation of hydrate. Hyodo et al. [2013] formed methane hydrate under low-effective stress (0.2 MPa) prior to consolidating the specimen to the initial shear-testing conditions. Once hydrate forms, the cementation effect can resist the deformation of the specimen and drainage of pore water during consolidation. This allows the specimen to remain looser than that of specimens containing hydrate formed after consolidation. Also, the porosity should be considered: The specimens Miyazaki et al. [2011] used are 37.8%, which is smaller than that of Hyodo et al. [2013] used. Strain softening occurs more easily in dense specimens due to the movement of sand particles as clarified above.
[23] The mechanical properties of gas-saturated methane hydrate-bearing sediments varied with the methane hydrate saturation: The larger the methane hydrate saturation, the larger the strength (maximum deviator stress during the test) and the more apparent the shear dilation behavior, while in Figure 4 , both hydrate specimens showed the same volumetric strain response. It is because of this that the specimen with higher saturation (42.5%) has a larger porosity than that of the specimen with hydrate saturation of 23.4%, which may lead to less dilation during shear.
[24] Hydrates formed from excess gas cement grains [Priest et al., 2009; Waite et al., 2004] , and the cementation increases with increasing methane hydrate saturation. Bulk density also increases with increasing methane hydrate saturation, which enhances the strength. The void ratio decreases due to the increase of methane hydrate saturation, which leads to a more apparent dilative behavior.
[25] Figure 5 shows the deviator stress difference relative to water-saturated, hydrate-free Toyoura sand for methane hydrate saturations of 26.6 and 46.7%, an effective confining stress of 3 MPa, pore pressure of 10 MPa, and temperature of 5°C. It can be observed that the deviator stress difference increased almost linearly at the beginning of the test and then decreased after it reached a peak value at the axial strain 1%-3%. The deviator stress increment increased with increasing methane hydrate saturation, but the following decline of the deviator stress increment was almost the same under both methane hydrate saturations. It is believed that the strength increment increases with increasing cementation of the sediment grains by hydrate and with the increasing bulk density of the specimen. Methane hydrate cements grain contacts, which may restrict the rotation and slide of the grains, enhance the resistance of deformation, and increase the failure strength. This cement contact breaks down with increasing deformation, causing a decline of strength increment as shown in Figure 5 . The broken hydrates act as host particles in the pore space. Sand particles and hydrate particles roll across the others, resulting in specimen dilation as mentioned above.
[26] In the case of water-saturated methane hydrate-bearing sediments, the strain-softening behavior is affected by methane hydrate saturation: the larger the methane hydrate saturation, the more apparent the strain-softening behavior [Miyazaki et al., 2011] , which is not observed in our study. It is considered that the pore water/gas cannot be drained out easily during shear due to the low permeability of the specimen. And the pore pressure increases in some blocked regions, which leads to a decrease of effective confining stress during shear, and then weakens the strength (softening behavior). The permeability decreases with increasing hydrate saturation, and the pore pressure of higher hydrate saturation specimens will increase more during shear. However, considering the high compressibility of methane gas, the pore pressure of gas-saturated specimens will not change a lot during shear, and thus, the softening behavior changes a little with increasing hydrate saturation.
Effect of Pore Pressure
[27] Figures 6 and 7 show the deviator stress and volumetric strain plotted against the axial strain for the gas-saturated methane hydrate-bearing specimens under several pore pressures (the pore pressure applied during compression). For a given methane hydrate saturation, formation pressure, and effective confining stress, the deviator stress and stiffness clearly depended on the pore pressure; under higher pore pressures, the specimen had a larger strength and stiffness ( Figure 6 ). While in Figure 7 , there was a 20% increase in pore pressure between the specimens and the stress-strain curves overlaid each other prior to failure, meaning there was no difference in stiffness. It is considered that the stiffness is also affected by hydrate saturation and bulk density. In Figure 7 , the specimen under higher pore pressure (12 MPa) had lower hydrate saturation and larger porosity than those of the specimen under 10 MPa pore pressure, which may decrease the stiffness of the specimen.
[28] Hyodo et al. [2013] showed a similar result on watersaturated methane hydrate-bearing specimens, but Miyazaki et al. [2011] suggested that the water-saturated methane Figure 6 . The deviator and volumetric strain dependence on the pore pressure applied during compression for specimens formed at 4 MPa pore pressure. hydrate-bearing specimens with the same methane hydrate saturation had a similar strength under the same effective confining pressure, even when they had a different pore pressure.
[29] From Figures 6 and 7, it can be observed that the specimens showed the opposite effect on the volumetric strain with respect to pore pressure. The effect of pore pressure on the volumetric strain cannot be easily obtained in this paper. It is considered that higher dilation occurs when the specimen has more hydrate and smaller porosity.
[30] In hydrate-bearing specimens, some pores will be blocked by hydrate cement at grain contacts. The gas may be isolated and unconnected in some local region in specimen. A blocked pore or cluster of pores with the surrounding sand particles and hydrate can be considered as an associative unit. Under higher pore pressure and a certain effective stress, this unit may experience plastic deformation and creep and be compacted. The samples become more dense, which results in the enhancement of strength.
Effect of Effective Confining Stress
[31] Gas-saturated methane hydrate-bearing specimens were subjected to different effective confining stresses, but an identical pore pressure (B.P. = 5 MPa), temperature (5°C), and similar methane hydrate saturation (S mh = 42-44%) were tested to examine the influence of the effective confining stress on the measured strength and deformation. The deviator stress, axial strain, and volumetric strain relationships for the specimens are shown in Figure 8 . Both methane hydrate-bearing specimens under different effective confining stresses showed strain-softening behavior. The stiffness and failure strength of specimens containing methane hydrate were both higher than those of Toyoura sand and increased with increasing effective confining stress. A higher effective confining stress enhances the frictional force between the particles, and more energy is required to overcome the intergranular frictional force during the shear test.
[32] The volumetric strain exhibited less dilation with increasing effective confining stress at a given axial strain, indicating that the effective confining stress restrains the deformation of specimens. Higher effective confining stresses will increase the extent of sand particle breakage, and the crushed particles may move into the pore space during deformation, decreasing the dilation of the specimens.
[33] Figure 9 shows the deviator stress difference relative to the host Toyoura sand for 1 MPa and 3 MPa effective confining stresses for specimens with 42-44% methane hydrate saturation, a pore pressure of 5 MPa, and temperature of 5°C. It can be observed that the curves both increase until the peak value is reached at the axial strain 1-3% and then declined until the end. The incremental stress increase value of specimens under larger effective confining stress was higher than that of specimens under lower effective confining stress. It is considered that the rotation and slide of the sand particles are restricted under higher effective stress, which increases the difficulty of breaking the cementation between grain contacts. The strength decline due to the breakage of cementation and the strength enhancement due to rolling effect (the crushed hydrate acts as normal sand particles in the specimen) offset each other, which causes a flat region between 2 and 5% axial strain (Figure 9 ).
Effect of Temperature
[34] According to the literature, the strength of sand does not seem to depend on temperature [Graham et al., 2004] , Figure 8 . The influence of effective confining pressure on the mechanical behavior of gas-saturated hydrate-bearing specimens at 5 MPa pore pressure. while the physical/chemical properties of gas hydrate are strongly affected by temperature [Sloan, 1998] . Helgerud et al. [2009] measured the compressional, P, and shear, S, wave speeds of pure gas hydrate, observing Vp and Vs decrease with increasing temperature. Yang et al. [2004] showed that particle-particle adherence forces in ice and clathrate hydrates were also functions of temperature. The measured forces decreased as the temperature was lowered from the freezing point of the particles.
[35] Figure 10 shows the temperature dependence of the mechanical properties of gas-saturated methane hydratebearing specimens. It can be observed that the stiffness and failure strength strongly depend on the magnitude of temperature. The temperature drop led to the increase of the stiffness and failure strength, in agreement with results from watersaturated methane hydrate-bearing sediments [Hyodo et al., 2013] . Durham et al. [2003] studied the strength and rheology of pure methane hydrate, which also showed the strength decreasing with increasing temperature. Their work suggests that the strength of hydrate-bearing sediments decreases at warmer temperatures due to the hydrate itself, though there may also be a contribution from a temperature dependence of the strength of the hydrate/sediment contact.
Effect of Formation Pressure
[36] Figure 11 shows the influence of methane hydrate formation pressure on the mechanical properties of gas-saturated methane hydrate-bearing specimens. The stiffness of specimens formed under lower pore pressure was higher than that of specimens formed under higher pore pressure. Failure strength and volumetric strain were also affected by the formation pressure, which should be investigated in more detail in our further studies.
Comparison With Water-Saturated Methane Hydrate Specimens
[37] A comparison between the deviator stress, axial strain, and volumetric strain relationships of gas-saturated specimens and water-saturated specimens [Hyodo et al., 2013] was made in this study. Figures 12 and 13 indicate the effects of pore fluid on the mechanical behavior of methane hydrate-bearing sediments. The stiffness and failure strength of gas-saturated specimens were higher than those of water-saturated specimens. In the water-saturated specimens, the deviator stress increased gradually with increasing axial strain and finally reached a constant value without any obvious peak value. A strain hardening was observed in these specimens. In the case of gas-saturated specimens, there was an apparent strain-softening behavior which was obviously different from that of water-saturated specimens. The volumetric strain of gas-saturated specimens was larger and more dilative than that of water-saturated specimens. Similar results are also observed in the work of Ebinuma et al. [2005] . They suggested that the dependence of mechanical strength on the pore fluid is due to a decrease in the effective confining stress on the sand. The pore water will be suppressed, and thus, the pore pressure increases during shear due to the low permeability at high hydrate saturation. Priest et al. [2009] compared the wave velocity of a specimen formed by "excess gas" method with that of a specimen formed by the "excess water" method, and the excess gas specimen showed a higher strength (wave velocity) than did the excess water specimen. This agreement with our observations is in spite of the preparation of this excess water specimen being significantly different from water-saturated hydrate specimens used in our study. Figure 11 . The influence of methane hydrate formation pressure on the mechanical behavior. Figure 13 . A comparison between the mechanical behavior of a gas-saturated specimen and water-saturated specimen under a pore pressure of 5 MPa, an effective confining pressure of 3 MPa, and a temperature of 5°C. Figure 12. A comparison between the mechanical behavior of a gas-saturated specimen and water-saturated specimen under a pore pressure of 10 MPa, an effective confining pressure of 3 MPa, and a temperature of 5°C.
[38] Methane hydrate likely dissolves during the water saturation process, meaning the calculated methane hydrate saturation is higher than actual saturation of the specimen. Dissolving methane hydrate that had initially formed at sediment grains contacts would weaken the cementation effect between the hydrate and sand particles.
[39] Figures 14 and 15 show a comparison between the deviator stress difference relative to the water-saturated host Toyoura sand for gas-saturated and water-saturated methane hydrate-bearing specimens under various conditions. The peak deviator stress difference due to methane hydrate was observed in each case at axial strains of 1%-3%, regardless of the saturation condition. The deviator stress increment for gas-saturated specimens was larger than that of watersaturated specimens. After the peak value was reached, the deviator stress increment of gas-saturated specimens decreased more rapidly but the final residual deviator stress difference was still higher than that of water-saturated methane hydratebearing specimens.
[40] Figure 16 shows the maximum deviator stress plotted against the methane hydrate saturation under different saturation conditions. The failure strength of both gas-saturated and water-saturated specimens increased with increasing methane hydrate saturation. The failure strength of gas-saturated specimens showed a more marked dependency on methane hydrate saturation than water-saturated specimens. Also, note that the failure strength of water-saturated hydrate specimens used in the work of Miyazaki et al. [2011] is larger than that of Hyodo et al. [2013] due to the difference between applying the effective stress prior to hydrate formation [Miyazaki et al., 2011] or after hydrate formation [Hyodo et al., 2013] , as discussed in section 3.1. In the study of Hyodo et al. [2013] , a cylindrical-shaped load cell was set up inside the cell to eliminate the influence of piston friction which would be very large at high-cell pressures. Miyazaki et al. [2011] set up their load cell outside the cell and did not account for piston friction, so their strength results included the piston friction and showed larger values. The failure strength of water-saturated specimens shows the dependence on effective confining stress, which means it will also likely depend on burial depth in natural formations.
Conclusions
[41] In this study, we conducted triaxial compression tests on laboratory-formed gas-saturated methane hydrate-bearing sediment samples to determine how the strength results depended on methane hydrate saturation, effective confining stress, temperature, and pore pressure applied during hydrate formation and during triaxial compression. A comparison was made between methane hydrate-bearing sediments that remained gas saturated and those that were water saturated following hydrate synthesis. On the basis of the obtained results, the findings can be summarized as follows:
[42] 1. The mechanical properties of gas-saturated specimens vary with the methane hydrate saturation: The larger the methane hydrate saturation, the larger the failure strength and the more apparent the shear dilation behavior. Also, higher dilation occurs when the specimen has smaller porosity.
[43] 2. The gas-saturated specimen has a larger failure strength and greater stiffness under higher effective confining stress and higher pore pressure applied during compression, Figure 14 . A comparison between the deviator stress difference relative to the host Toyoura sand for gas-saturated and water-saturated specimen under a pore pressure of 10 MPa, an effective confining pressure of 3 MPa, and a temperature of 5°C. Figure 15 . A comparison between the deviator stress difference relative to the host Toyoura sand for gas-saturated and water-saturated specimen under a pore pressure of 5 MPa, an effective confining pressure of 3 MPa, and a temperature of 5°C. Figure 16 . The maximum deviator stress of gas-saturated and water-saturated specimens plotted against the methane hydrate saturation.
while the volumetric strain exhibits less dilation under higher effective confining stress. The effect of pore pressure applied during compression on the volumetric strain is still unclear in this study.
[44] 3. Lower temperatures lead to increased stiffness and failure strength of gas-saturated specimens.
[45] 4. The stiffness of gas-saturated specimen formed under lower pore pressure is higher than that of specimens formed under higher pore pressure, even when measured with identical effective stresses.
[46] 5. The stiffness and failure strength of gas-saturated specimens are higher than those of water-saturated specimens. The gas-saturated specimens show an apparent strain-softening behavior which is noticeably different from that of water-saturated specimens. The volumetric strain of gas-saturated specimens is larger than that of water-saturated specimens and showed a positive dilation.
[47] These findings are expected to be used to fully understand the deformation behavior of methane hydrate-bearing sediments and to establish a constitutive model in future studies. During the production of methane hydrate reservoirs, hydrate will convert to gas plus water. The sediments are neither gas-saturated nor water-saturated; they always are partially water-saturated. The pore fluid significantly affects on the hydromechanical behavior of hydrate-bearing sediments as shown in our study. It is essential to investigate the mechanical properties of partially water-saturated methane hydrate-bearing sediments in further studies.
